The frictional behavior of the two kinds of high-strength gels, which were double network (DN) gels and shape memory gels (SMG), was studied. By using a commercial measuring instrument with an empirical fitting function, the coefficient of dynamical friction for the DN gels and the SMG was determined. The velocity dependence of the coefficient looked roughly similar for both the DN gels and the SMG, however the details of the dependence were different. The coefficient of the DN gels was smaller than that of the SMGs. The coefficient decreased as the normal force increased. This normal force dependence was observed for the DN gels previously, however for the first time for the SMGs. The differences of both the velocity and normal-force dependences between the DN gels and SMG were discussed in relation to their mechanical properties determined in the previous studies. It implied that the difference of the dependences was possibly related to the different softness of the gels.
Introduction
Gels are new materials, not so hard and dry as metals, ceramics, and plastics, but soft and wet as the human body. Gels have superior properties such as high water content, material permeability, especially low friction and biocompatibility, which are hardly found in hard and dry materials, because these properties are due to their soft and wet features. The mechanical strength of usual gels is, however, too low to use as industrial materials. In the last decade, the mechanical strength of the gels was drastically improved especially the creation of high-strength double-network (DN) gels (1) , which achieved 30MPa of the maximum breaking stress in compression. Now artificial gels have become tough like as natural gels of the human body. While the articular cartilage of our knee has both quite low surface frictional coefficient lower than 0.01 and high compression stress higher than several MPa, the DN gels have exceeded both the properties (2) (3) (4) . These properties should be studied quantitatively to broaden the application of the artificial gels especially in mechanical engineering. In this study, we aim to develop an original apparatus by improving a commercial one for the characterization of quite low frictional surface of the high-strength gels, by using a commercial measuring instrument with an empirical fitting function, we determined the coefficient of dynamical friction for the high-strength DN gels and shape memory gels (5) (6) (7) (8) (9) . We discuss both the velocity and normal-force dependences between the DN gels and SMG were in relation to their mechanical properties observed in the previous studies (4, 9) . We believe the low-friction and high-strength gels will give a breakthrough in medical and industrial engineering in near future.
Experimental

Samples Double network gels (DN gels)
(1,4)
2-Acrylamido-2-methylpropane sulfonic acid (AMPS) and N,N-dimethylacrylamide (stabilized with MEHQ) (DMAAm) were used as monomers without further purification. N,N'-Methylenebis(acrylamide) (MBAA) was used as cross-linker between AMPS and DMAAm. 2-Oxoglutaric acid (α-ketoglutaric acid) (α-keto), a radical initiator for the gelation reactions, was used also without further purification. The double network (DN) gels were synthesized through a two-step sequential free-radical polymerization. In the first step, 4 mol% of MBAA and 0.1 mol% of α-keto were added to 1 M AMPS solution (where the molar percentages, 4 mol% of MBAA and 0.1 mol%, were determined with respective to the AMPS monomer). After being bubbled with nitrogen gas for 30 min, the solution was poured into a mold consisting of two parallel glass plates and silicone spacers that maintained a gap of 50 mm between the glass plates. Photopolymerization was carried out under the N 2 atmosphere with an ultraviolet (UV) lamp (20W black light tube, the peak of wavelength is 365nm) for 10 h in the constant-temperature room of 30℃. (The distance between the lamp and the sample chamber was about 150 mm.) In the second step, after the gelation was completed, the AMPS gel was immersed into 2 M DMAAm solution containing 0.1 mol% of α-keto and 0-0.25 mol% of MBAA for at least 2 days until the equilibrium was reached. By irradiation with the UV lamp for 10 h, the second network was subsequently synthesized in the presence of the first PAMPS network. Synthesized samples were swollen in a large amount of water for 1 week until the equilibrium was reached. The swollen DN gel sheets were cut to be 100mm×100mm×~5mm.
Shape memory gels (SMG) (5-9)
The SMGs were synthesized from two monomer components to build up copolymer networks. One component was a hydrophilic monomer to make the SMG soluble to water. The other was a crystalline monomer to make the SMG have temperature dependence. In the present work, the SMG were prepared from DMAAm as a hydrophilic monomer, Stearyl acrylate (SA) as a crystalline monomer, MBAA as a cross-linker. Benzophenone was used as a UV polymerization initiator. DMAAm also worked as a solvent. SA and DMAAm made main chain by copolymerization. The ratio of SA to DMAAm was 1:3 in molar concentration. For the preparation of the SMG pre-gel solution, the concentrations of MBAA and Benzophenone were 0.05 mol% and 0.1 mol% concentrations to the total monomers including both SA and DMAAm. The solution was stirred well and the bubbling of nitrogen gas was performed for several tens of minutes to remove oxygen gas from the solution. Then, the solution was poured into the parallel-glasses mold, which sandwiched a silicone spacer of 1 mm in thickness between two pieces of glass plates, and it was irradiated by UV lamp for 10 h. The polymerized samples were swollen in a large amount of water for 1 week until the equilibrium was reached and then the swollen SMG sheets were cut to be 100mm×100mm×~2mm.
Friction measurement
The frictional measurement was done with a commercial measuring instrument μV1000 (Trinity Lab, INC.), which was shown in Fig.1 . A sheet shape of measurement sample was put on the sliding table, and a ball shape of counter sample was touched to the sheet from upside. The normal force is given by varying weight. The sliding velocity was ranged from 0.1mm/s to 100mm/s. The measurement was possibly repeated at 1-1000 times. In the present study, the friction properties of both the DN gels and SMG were automatically determined by changing the conditions of the sliding velocity sequentially according to the programed steps, as shown in Table 1 . Soda-lime glass balls of 6.0 mm in diameter were used as the counter sample toward the gel samples for all the frictional measurements in the present study. The weight for the normal force was varied at 5 points of 50 g, 100 g, 200 g, 400 g, and 500 g. 
Results and Discussion
Friction measurement Figure 2 shows the coefficient of dynamic friction obtained by the instrument. The coefficient of the DN gels was smaller than that of the SMGs. The coefficient depended on the normal force. The coefficient decreased as the normal force increased. This normal force dependence was observed for the DN gels previously (2) , however for the first time for the SMGs. The velocity dependence looked similar for both the DN gels and the SMG. This velocity dependence of gel friction had been discussed (2) . Based on the previous studies, in the low velocity region (in 0.1-0.5mm/s for the present results), the frictional force increases as the velocity increases due to the interfacial elastic lubrication related to the adsorption-desorption between the gel and the other surfaces in molecular level. In the intermediate velocity region (in about 0.5-10mm/s for the present results), the frictional force decreases as the velocity increases because the sliding velocity relatively becomes faster than the adsorption process. In the high velocity region (in about 10-100mm/s for the present results), the frictional force increases as the velocity increases due to the hydrodynamic lubrication. Here it was found that this well-known behavior was also observed by the instrument for both the DN gels and the SMG. Figure 3 shows the normalized standard deviations of the coefficient of dynamic friction as the function of the sliding velocity obtained by the instrument. For the DN gels, in the high velocity region, the deviation became somewhat larger, as shown in Fig. 2(a) . It was possibly because the coefficient became much smaller thus the accuracy became worse. For the SMG, the deviation looked smaller than that of the DN gels. In the low velocity region, the deviation looked worse. It was possibly due to a kind of stickiness between the glass balls and the SMG sheets. It implied that for the friction of the SMG the static friction had some specific features. Thus we had better focus on the stickiness of the SMG in future study. F(t) = F 0 + ΔF exp(−γt) (1) where F 0 and ΔF are static coefficients, and γ is a relaxation rate, named the relaxation rate here. All the experimental data showed the similar relaxation behavior (not shown here), thus we used the same fitting function (1) to analyze all the data. Figure 4(b) shows the behavior of the relaxation rate as the function of the sliding velocity. It clearly implies that this relaxation rate directly depended on the sliding velocity regardless of the sample gels. It implies that the instrument used dumping to stabilize the measurement of friction and determine the settled value of the experimental data. Thus we tried to use the fitting function (1) to determine the exact coefficient of dynamic friction as F 0 , rather than that shown in Fig. 2 . Figure 5 shows the coefficient of dynamic friction obtained by the fitting analysis. The velocity dependence of both the DN gels and the SMG became somewhat different from before, comparing to Fig. 2 . However, except in the low velocity region, the data scattered, especially for the SMG possibly due to the abovementioned stickiness of the SMG. The instrument should be improved to overcome the stickiness in future. Figure 6 shows the stress-strain curves determined by the compression test of the DN-gels (4) and the SMG (9) , for comparison with frictional behavior. The sample for the compression test was stamped out with a die of cylinder being 5.50mm in inner diameter. The testing machine (STA-1150, ORIENTEC Co., LTD, Japan) was used. In Fig. 6 , the stress-strain curves for the DN-gels and the swollen SMG at r. t., which are measured in the present study, shows a J-shape curve and not a J-shape curve, respectively. In the present frictional experiments, the effective stress on the frictional interface was around 0.1~1MPa. For the DN gels, if the stress is 1MPa, the strain becomes 0.6. It implies that the DN gels were deformed to make a good contact between the gel sheet and the ball during the frictional measurement. It is possibly important to make a low friction. On the other hand, for the swollen SMG at r. t., if the stress is 1MPa, the strain is limited below 0.1. It implies that the contact was not good comparing to the case of the DN gels. In Fig. 5 , the coefficient of the SMGs decreased as the normal force increases while that of the DN gels was less dependent on the normal force in the high velocity region. It implies that if the normal force increases several times larger, the coefficient of the SMGs becomes lower and independent of the normal force. It should be studied in future. 
Conclusion
The coefficient of dynamic friction was obtained for both the DN gels and the SMG. The velocity dependence looked roughly similar for both the DN gels and the SMG, however the details of the dependence were different. The coefficient of the DN gels was smaller than that of the SMG. The coefficient decreased as the normal force increased. This normal force dependence was observed for the DN gels previously, however for the first time for the SMG. The difference of the dependences was possibly related to the different softness of the gels. It should be clarified by continuing the frictional study of the low-frictional gels.
